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Coronavirus disease 2019 (COVID-19) is a fatal infectious disease caused by severe acute respiratory
syndrome coronavirus-2 (SARS-CoV-2). The virus infection is initiated upon recognition and binding
of the spike (S) protein receptor-binding domain (RBD) to the host cell surface receptor, angiotensin-
converting enzyme 2 (ACE2). Blocking the interaction between S protein and ACE2 receptor is a novel
approach to prevent the viral entry into the host cell. The present study is aimed at the identification

l}ieywutrdS:b‘ dine doma of small molecules which can disrupt the interaction between SARS-CoV-2 S protein and human ACE2
R;BEP or-binding domain receptor by binding to the interface region. A chemical library consisting of 1,36,191 molecules were

Angiotensin-converting enzyme 2 screened for drug-like compounds based on Lipinski’s rule of five, Verber’s rule and in silico toxicity
ACE2 parameters. The filtered drug-like molecules were next subjected to molecular docking in the interface
region of RBD. The best three hits viz; ZINC64023823, ZINC33039472 and ZINC00991597 were further
taken for molecular dynamics (MD) simulation studies and binding free energy evaluations using Molecu-
lar mechanics-Poisson-Boltzmann surface area (MM-PBSA) and Molecular mechanics-Generalized Born
surface area (MM-GBSA). The protein-ligand complexes showed stable trajectories throughout the simu-
lation time. ZINC33039472 exhibited binding free energy value lower as compared to the control (emodin)
with a higher contribution by gas-phase energy and van der Waals energy to the total binding free energy.
Thus, ZINC33039472 is identified to be a promising interfacial binding molecule which can inhibit the
interaction between the viral S protein and human ACE2 receptor which would consequently help in the

management of the disease.
© 2020 The Author(s). Published by Elsevier Ltd on behalf of King Saud Bin Abdulaziz University for
Health Sciences. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
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Introduction tially as a 2019 novel coronavirus (2019-nCoV) and later described
as severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2)
has rapidly spread to more than eighty other countries leading to
serious global health emergency [1]. The virus has caused a new
fatal disease known as coronavirus disease 2019 (COVID-19) with
patients reporting a wide range of symptoms such as fever, dry
cough, dyspnea, headache, and pneumonia [2,3]. Two other highly
pathogenic human coronaviruses have been previously reported
viz; the severe acute respiratory syndrome coronavirus (SARS-CoV)
in 2003 and Middle East respiratory syndrome coronavirus (MERS-
CoV) in 2012. Compared to the previous outbreaks from these two

Since its first emergence in December 2019 in Wuhan city, Hubei
province of China, the highly pathogenic coronavirus known ini-

Abbreviations:  2019-nCoV, 2019 novel coronavirus; ACE2, Angiotensin-
converting enzyme 2; Covid-19, coronavirus disease 2019; DPP4, dipeptidyl
peptidase 4; LARMD, ligand and receptor molecular dynamics; MERS-CoV,
Middle East respiratory syndrome coronavirus; MM-GBSA, molecular mechanics-
generalized born surface area; MM-PBSA, molecular mechanics-Poisson-Boltzmann

surface area; PCA, principal component analysis; PDB, Protein Data Bank; PPIs,
protein-protein interactions; Q, fraction of native contacts; RBD, receptor-binding
domain; Rg, radius of gyration; RMSD, root mean square deviation; ROF, rule of five;
SARS-CoV-2, severe acute respiratory syndrome coronavirus-2.
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viruses, SARS-CoV-2 has alow mortality rate which ranges between
3 to 5% [1]. Phylogenetic studies have shown that SARS-CoV-2 is a
new member within betacoronavirus genus which includes MERS-
CoV, SARS-CoV, bat SARS-related coronaviruses (SARSr-CoV) etc.

1876-0341/© 2020 The Author(s). Published by Elsevier Ltd on behalf of King Saud Bin Abdulaziz University for Health Sciences. This is an open access article under the CC
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[4]. The closest relative of the SARS-CoV-2 is most likely to be Bat
coronavirus RaTG13 which shows a similarity of 93.1% sequence
identity in the spike (S) gene [5]. At present, there are no effec-
tive prophylactics or therapeutics available for the treatment of
COVID-19 and as of May 5, 2020, there has been a total of 3
489 053 confirmed cases and 241 559 confirmed death reports
[6].

Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2)
is a single positive-strand RNA enveloped virus with a genome size
0f 29.9 kb [7]. There are four structural proteins present in corona-
virus viz; spike (S), envelope (E), membrane (M), and nucleocapsid
(N) proteins [3]. Out of these, S protein, a type I transmembrane gly-
coprotein mediates key functions such as viral attachment, fusion
and entry [8]. The first step in the viral infection cycle is the viral
entry into the host cell which is mediated by binding of the S protein
receptor-binding domain (RBD) to the host cell surface recep-
tor which is angiotensin-converting enzyme 2 (ACE2) receptor in
SARS-CoV and dipeptidyl peptidase 4 (DPP4) in case of MERS-CoV
[9,10]. Similarly, ACE2 also serves as a receptor for SARS-CoV-2
S protein. The RBD (residues 318-510) in the spike S1 subunit
(residues 17-680) mediates the binding of the virus to the host
cell surface receptor and the transmembrane S2 subunit (residues
681-1195) allows the fusion between the virus and the host cell
membrane [11,12]. Because of its significant role in viral entry into
the host cell, S protein has emerged as an important therapeutic tar-
get for the development of antibodies, vaccines and entry inhibitors
[6].

Protein-protein interactions (PPIs) play an important role in
regulating various cellular processes as well as drive the pathogen-
esis in many human diseases such as neurodegenerative diseases,
cervical cancer, bacterial infection and leukaemia etc. [13]. Com-
putational study of protein-protein interactions plays a significant
role in the drug discovery process which can provide useful insights
into the biochemical nature of the protein-protein interface, muta-
tions affecting the binding interface and designing small molecules
which can regulate the pathological cellular processes [14]. This
rational approach has been widely used in designing of many PPI
modulators which can be categorized into three different types-
a) orthosteric inhibitor b) allosteric inhibitor and c) interfacial
inhibitor [15]. The orthosteric inhibitors bind to the protein tar-
get preferentially at regions which are normally used by other
interacting protein partners for binding and therefore, disrupt
the formation of functional biological complexes. A typical exam-
ple of orthosteric inhibitor is MI-2-2 which binds to menin with
nanomolar binding affinity and disrupts the protein-protein inter-
action between menin and MLL in mixed lineage leukemia (MLL)
leukaemia cells [16]. Whereas allosteric inhibitors bind to sites
distinct from the protein-protein interface region and cause a
conformational change in the target protein and thereby desta-
bilizing the protein-protein complex. BRaf inhibitor, PLX4032 is
an example of an allosteric inhibitor that inhibits BRaf-CRaf het-
erodimerization and activation [17]. The interfacial inhibitors are
small molecules which bind to a pocket at the protein-protein
interface to form a ternary complex and render the protein inef-
fective by locking the complex into a non-functional state. An
example in this category include the interfacial binding inhibitor
BFA binds at the protein-protein interface of ARF1-GDP-Sec7 com-
plex and inhibits conformational changes in ARF1 necessary for
Sec7 to displace the GDP molecule [18]. Protein-protein inter-
action study between human ACE2 and SARS-CoV-2 S protein
can be used to design interface binding inhibitors which can
disrupt the protein-protein interaction and inhibit the attach-
ment and entry of the virus into the host cell. In this study, we
have screened a chemical compound library to screen novel drug-
like molecules which can effectively bind to the interface region
between RBD of SARS-CoV-2 S protein and human ACE2 which
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will help in blocking the viral attachment and entry into the host
cell.

Materials and methods
Retrieval of three-dimensional crystal structures of target proteins

The three dimensional X-ray crystal structure of SARS-CoV-2
spike receptor-binding domain (RBD) bound with human ACE2
(PDB ID: 6M0J) and the crystal structure of SARS-CoV spike RBD
complexed with human ACE2 (PDB ID: 2AJF) were retrieved from
Protein Data Bank (PDB) (http://www.rcsb.org/) at a resolution of
2.45 A and 2.90 A respectively.

Characterization of protein-protein interface region

The protein-protein interface statistics including interface area,
interface residues and residue interactions across the interface (salt
bridges, disulphide bonds, hydrogen bonds and non-bonded con-
tacts) were determined using PDBsum program [19]. The hotspot
residues in protein-protein interfaces were calculated using ala-
nine scanning mutagenesis program of DrugScorePPI webserver
[20].

Sequence alignment and structural superposition

The pairwise sequence alignment between SARS-CoV-2 spike
RBD and SARS-CoV spike RBD was carried out using the CLUSTAL
W program [21]. The root mean square deviation (RMSD) between
structures of SARS-CoV-2 spike RBD and SARS-CoV spike RBD was
calculated using UCSF Chimera [22].

Retrieval of three-dimensional structures of ligands

A random set of 1,36,191 chemical compounds were retrieved
from the ZINC database [23]. The chemical structures were down-
loaded and saved in SDF format for the virtual screening process.

Virtual screening of small drug-like molecules

The chemical library was subjected to virtual screening proce-
dure based on selected drug-like filters such as Veber's rule [24],
Lipinski’s rule of five (ROF) [25] and in silico toxicity parameters
such as mutagenicity, tumorigenicity, irritancy and reproductive
effects. The physicochemical properties of the compounds were
calculated using the OSIRIS DataWarrior program version 5.0 [26].

Molecular docking studies

Virtual screening of potential hits binding to SARS-CoV-2 spike
RBD was performed using ArgusLab docking program version 4.0
[27]. A grid box of size 40 x 40 x 40 A with a grid resolution of
0.4 was placed at the centre around the interface residues. The
other parameters include AScore as scoring function and the Dock-
Engine was set to exhaustive search. The top 100 hits were docked
within the interface region using AutoDock Vina program which
utilizes sophisticated gradient optimization method [28]. The tar-
get protein was prepared by removing the heteroatoms such as
ions, water molecules and cocrystal ligands and the addition of
polar hydrogen atoms and Kollman charges. Similarly, the chemical
compounds were prepared by adding hydrogen atoms, Gasteiger
charges and optimally defining the torsions. A grid box encompass-
ing the interface region was centred at XYZ coordinates of —36.223,
27.8467 and 11.8760 with dimensions of X: 27.5694 A, Y: 45.4190
Aand Z: 30.0170 A. The binding conformations were clustered and
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ranked according to their binding affinities. The molecular inter-
actions (hydrogen bonds and hydrophobic interactions) between
the target protein and compounds were evaluated using LigPlot +
program version 1.4.5 [29].

Molecular dynamics simulation

The molecular dynamics of the spike-ligand docked complexes
were performed using AMBER16 program available on Ligand
and Receptor Molecular Dynamics (LARMD) (http://chemyang.
ccnu.edu.cn/ccb/server/LARMD/). The interactional binding mode
(Int_-mod) was chosen for 4 ns MD simulation in an explicit water
model [30]. The steps involved in the MD simulations consist of (a)
assignment of bcc charges to the ligand atoms using the antecham-
ber module of the AMBER16 program [31] (b) generation of the
coordinate and topology files of the complex using Tleap module
of the AMBER16 program (c)The force fields selected for amino acid
residues and ligands include the AMBER ff14SB force field [32] and
General AMBER Force Field (GAFF) [33,34] respectively (d) Addi-
tion of counter ions (Na* and Cl~) to the system (e) the systems
were explicitly solvated in an octahedral box of TIP3P waters [35]
(f) energy minimization with 2000 steps steepest descent method
and 3000 steps conjugated gradient method using sander module in
the AMBER16 program [36] (g) the systems were gradually heated
by raising the temperature from 10 to 300 K for 30 ps. All the atoms
were relaxed using periodic boundary conditions at a temperature
of 300 K and pressure of 1 atm.

Analysis of trajectories

The geometric properties of the systems such as root mean
square deviation (RMSD), radius of gyration (Rg) and fraction of
native contacts (Q) values were analysed using the Cpptraj mod-
ule in the AMBER16 program module [37]. R package was used
to analyse the RMSD distribution of protein and ligand in a his-
togram representation. The non-native contacts were calculated
using MDTraj was and Bio3d was used to study the principal com-
ponent analysis PCA and residue cross-correlation [38].

Binding free energy analysis

The binding free energy (AGy;,q) was calculated using the fol-
lowing Eq. (1)

AGping = AEping — TASso1 = TAS¢ons (1)

where AEy;,q is the binding energy, TAS,, is the solvation entropy
and TAS.,s is the conformational entropy. While the enthalpy
was calculated using the Molecular mechanics Poisson-Boltzmann
surface area (MM-PBSA) or molecular mechanics generalized Born
surface area (MM-GBSA) method [39], entropy was derived using
an empirical method [40,41].

Results and discussion

Characterization of the interface region between ACE2 and spike
protein

The human angiotensin-converting enzyme 2 (ACE2) and SARS-
CoV-2 spike receptor-binding domain (RBD) and human ACE2 and
SARS-CoV spike RBD were analysed for their interface regions
and key residues contributing to the binding recognition between
the interacting protein partners. The interface region between
human ACE2 and SARS-CoV spike RBD complex was investigated
and there are nineteen interface residues (GIn24, Thr27, Phe28,
Lys31, His34, Glu37, Asp38, Tyr41, Gln42, Leu45, Met82, Tyr83,
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GIn325, Glu329, Asn330, Lys353, Gly354, Asp355 and Arg357) of
ACE2 and fifteen residues of spike RBD (Arg426, Tyr436, Tyr440,
Tyrd42, Leud72, Asn473, Tyrd75, Asn479, Gly482, Tyr484, Thr486,
Thr487, Gly488, 11e489 and Tyr491) forming an interface area of
832 A2 and 872 A? respectively (Fig. 1A). The complex is sta-
bilised by 1 salt bridge, 9 hydrogen bonds and 94 non-bonded
contacts. Further, alanine scanning mutagenesis of the interface
residues was carried out to determine residues (hotspots) con-
tributing more to the binding between the two interacting proteins.
Hot spots are residues which contributes a significant increase in
the binding free energy of at least 2.0 kcal/mol when replaced with
alanine [42]. Both ACE2 receptor and SARS-CoV spike RBD possess
two hotspot residues in their interface regions which are Asp38
and Tyr41 in ACE2 and Tyr475 and Tyr491 in spike RBD (Suppl.
Fig. S1A). The interface statistics of ACE2 and SARS-CoV-2 spike
RBD complex show that there are twenty residues (Gln24, Thr27,
Phe28, Asp30, Lys31, His34, Glu35, Glu37, Asp38, Tyr41, Gln42,
Leu79, Met82, Tyr83, Asn330, Asp335, Lys353, Gly354, Arg357 and
Arg393) belonging to human ACE2 and seventeen residues of RBD
(Lys417, GIn443, Gly446, Tyr449, Tyr453, Leu455, Phe456, Ala475,
Phe486, Asn487, Tyr489, Gly496, Gln498, Thr500, Asn501, Gly502
and Tyr505) contributing to interface area of 825 A2 and 863 A2
respectively (Fig. 1B). The protein—protein complex between ACE2
and SARS-CoV-2 spike RBD were stabilized by 1 salt bridge, 9 hydro-
gen bonds and 101 non-bonded contacts. Three hotspot residues
(Asp38, Tyr41 and Tyr83) were identified in ACE2 and two hot spot
residues (Tyr489 and Tyr505) in SARS-CoV-2 spike RBD (Suppl. Fig.
S1B). The interface statistics differences in terms of the number
of interface residues and non-bonded contacts between the two
protein—protein complexes may plausibly explain the differential
nature of binding of SARS-CoV-2 and SARS-CoV spike protein to
ACE2 receptor. It has been revealed from an earlier study that ACE2
binds to SARS-CoV-2 ectodomain with approximately 15 nM affin-
ity which is around 10-20 fold higher than its binding to SARS-CoV
[43].

Sequence alignment and structural superposition

The primary sequence alignment of SARS-CoV-2 and SARS-CoV
spike RBD domains show a sequence similarity of 72.38% and out
of the five critical residues (Tyr442, Leu472, Asn479, Thr487 and
Tyr491) at the SARS-CoV spike RBD and ACE2 interface, only Tyr491
is conserved (Fig. 2A). The results corroborates with the previ-
ous studies by Xie and Chen [44]. It is worth mentioning here
that Asn479 and Asn487 are two important residues in RBD which
determine SARS progression and tropism, and their mutations may
increase animal-to-human or human-to-human transmission [12].
Further, their structural superposition exhibits a root mean square
deviation (RMSD) of 0.674 A (Fig. 2B) which means that the struc-
ture of the RBD domain has undergone significant change during
viral co-evolution within the host cell.

Virtual screening of drug-like molecules

Atotal of 1,36,191 chemical compounds from the ZINC database
were subjected to virtual screening procedure and the molecules
were filtered based on their physicochemical properties and tox-
icity profile. A final set of 42,889 molecules qualified the rule of
five, Veber’s rule and found to have favourable drug-like proper-
ties such as being non-mutagenic, non-tumorigenic, non-irritant
and no adverse effects on the reproductive health.

Molecular docking studies
Aninitial virtual screening was performed using ArgusLab dock-

ing program considering interface region of SARS-CoV-2 spike RBD
as the binding pocket for a set of 42,889 drug-like molecules. Out
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Fig. 1. The interface statistics for (A) SARS-CoV spike RBD and human ACE2 receptor complex (B) SARS-CoV-2 spike RBD and human ACE2 receptor complex depicting the
interface area, residues and molecular interactions. The interface residues have been coloured according to the physicochemical properties such as positive residues (His,
Lys and Arg) in blue, negative residues (Asp, Glu) in red, neutral residues (Ser, Thr, Asn, GIn) in green, aliphatic residues (Ala, Val, Leu, Ile and Met) in grey, aromatic residues
(Phe, Tyr and Trp) in purple and other residues (Pro and Gly) in orange.
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Fig. 2. (A) Pairwise sequence alignment between SARS-CoV-2 spike RBD and SARS-CoV spike RBD. The blue encircled residues indicate the five critical interface residues
(Tyr442, Leu472, Asn479, Thr487 and Tyr491) where blue asterisk show the conserved interface residue (Tyr491) and the red arrow indicates the amino acid positions
(Asn479 and Thr487) prone to mutations which determine animal-to-human or human-to-human transmission. (B) Structural superposition between SARS-CoV-2 spike
RBD (cyan) and SARS-CoV spike RBD (tan).

of which a total of 100 high ranked hits were obtained which derivative extracted from Rheum officinale and Polygonum multi-
possess higher docking scores (docking scores ranging between florum which has been demonstrated to have anti-SARS activity
—11.9152 kcal/mol and —13.7791 kcal/mol) to the interface region by blocking the binding of Spike (S) protein to ACE2 and reduc-
of spike RBD as compared to the control Emodin (—8.2187 kcal/mol) ing the infectivity of S protein-pseudotyped retrovirus to Vero
(Suppl. Table S1). Emodin is a naturally occurring anthraquinone E6 cells [45]. The 100 high ranked hits were further taken for
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the second round of virtual screening with Autodock vina pro- ZINC33039472 (—8.0 kcal/mol) and ZINC00991597 (—7.9 kcal/mol)
gram for rescoring and reranking the hits (Suppl. Table S2). which possessed higher binding affinity to SARS-CoV-2 spike RBD
The top 3 hits obtained were ZINC64023823 (—8.2 kcal/mol), as compared to emodin (—6.1 kcal/mol) (Table 1). The drug-like
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(D) spike(RBD)-Emodin. The black line indicates the RMSD curve of backbone atoms of protein whereas the red line corresponds to RMSD curve of heavy atoms of ligand in

each plot.

Table 1

The binding energies of top 3 ranked molecules along with the control (Emodin) obtained through virtual screening using AutoDock Vina docking program.

Molecules Structure IUPAC name Binding energy
(kcal/mol)
H
Oi N=
@N\L & i/g :
ZINC64023823 NH 3-(2H-indol-3-yl)-N-[2-[(2R)- -8.2
2-phenyl-3,5-dihydro-2H-1,4-
benzoxazepin-4-
yl]ethyl]propanamide
N
N
ZINC33039472 (4E)-4-[(2-phenylthiazol-4- -8.0
yl)methylene]-2-(2-
pyridylmethyl)isoquinoline-
1,3-dione
. %
o o
ZINC00991597 &y 2-(3,4-dimethoxyphenyl)-N'- ~79
(2-
naphthylsulfonyl)acetohydrazide
o
hegon
Emodin (CID3220) OH O OH 1,3,8-trihydroxy-6- —-6.1

methylanthracene-9,10-dione

properties of the top 3 compounds along with the control are
enumerated in Table 2 The interaction between ZINC64023823
and spike protein is strengthened by three hydrogen bonds with
residues Asn437, Asn440 and GIn506 and hydrophobic inter-
actions with eight residues including Leu441, Arg509, Ala344,
Asn343, Phe374, Ser373, Trp436 and Val503 (Fig. 3A). Whereas,
the second lead molecule ZINC33039472 forms one hydrogen bond
with Ty453 within the binding cleft of spike protein and the
interaction is further reinforced through hydrophobic interactions
with seven residues including Arg403, Tyr495, Tyr505, Asn501,

23

Gly502, Gly496 and GIn498 (Fig. 3B). The third lead molecule
ZINC00991597 interacts with the spike protein by establishing
one hydrogen bond with Gly496 and hydrophobic interactions
contributed by seven residues including Tyr453, Ser494, Asn501,
Gly502, Tyr505, Arg403 and Tyr495 (Fig. 3C). Interestingly, the
control emodin establishes four hydrogen bonds with residues-
Arg346, Tyr351, Asn354 and Asn450 and hydrophobic interactions
via fiveresidues such as Ala348, Phe347, Ala352, Ser349 and Leu452
(Fig. 3D).
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Fig. 5. Principal component analysis (PCA) for conformational changes with trajectory frames coloured from blue to white to red in order of MD simulation time for (A)
spike(RBD)_ZINC64023823 (B) spike(RBD)_ZINC33039472 (C) spike(RBD)_ZINC00991597 (D) spike(RBD)_Emodin. The first twenty eigenvectors out of 582 eigenvectors (3N,
where N =194 Ca atoms) capture at least 70% of the total variance and first three eigenvectors (PC1, PC2 and PC3) contributes over 50% to the total variance.

MD simulation analysis

The binding modes of the best three lead molecules-
ZINC64023823, ZINC33039472 and ZINC00991597 along with
the control (emodin) were further explored using molecular
dynamics simulation study in an aqueous environment for a simu-
lation time of 4 ns. The geometric properties of the protein-ligand
complexes such as root mean square deviation (RMSD), radius
of gyration (Rg) and fraction of native contacts (Q) values were
evaluated to check the stability of the system. The RMSD gives the
measurement of root mean square deviation of atomic positions
which is used to calculate the average distance between the atoms
of superimposed structures of protein and ligand over a period
of time [46]. The average RMSD of Ca atoms of spike protein
and heavy atoms of ZINC64023823 in spike(RBD)_ZINC64023823
complex was found to be 1.37 + 0.1644 A and 1.734 + 0.3857 A
respectively with respect to the starting structures (Fig. 4A). In
the case of spike(RBD)_ZINC33039472 complex, the average RMSD
of Ca atoms of spike protein and heavy atoms of ZINC33039472
were 1.414 + 0.2028 A and 1.78 + 0.5061 A respectively (Fig. 4B).
The average RMSD of Ca atoms of spike protein and heavy atoms
of ZINC00991597 in spike(RBD). ZINC00991597 complex was
found to be 1.308 + 0.1676 A and 2.374 + 0.4118 A (Fig. 4C).

Whereas, spike(RBD).emodin complex has an average RMSD of
1.25 + 0.1744 A for Ca atoms of spike protein and 0.3439 + 0.1491
A for heavy atoms of emodin (Fig. 4D). Rg can be explained as the
root mean square distance from each atom of the system to its
centre of mass [47]. The Rg values for protein-ligand complexes:
spike(RBD)_ZINC64023823 and spike(RBD)_ZINC33039472 show
stable fluctuation between 18.1 to 18.5 A whereas spike(RBD)_
ZINC00991597 and spike(RBD).emodin complexes stably fluc-
tuated between 18.0 to 18.4 A (Suppl. Fig. S2). The Q gives an
idea about conformational dynamics and the transition states of
a protein with a folding free energy barrier [48]. The Q values for
ZINC64023823, ZINC3303947